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Ultralyddeteksjon av gassbobler i blodbanen ved dykking 
 
Gassbobler kan dannes i kroppen som følge av overmetning av gasser når man går 
opp til overflaten etter dykking. Det har lenge vært kjent at slike gassbobler kan føre 
til trykkfallsyke, men mekanismene bak er fortsatt ikke godt kartlagt. Metoder for å 
kunne detektere og kvantifisere gassbobler ved dekompresjon er viktige for å studere 
prosessene som fører til trykkfallsyke. Gassbobler i væske er svært sterke reflektorer 
for lyd, og bruk av standard medisinske diagnostiske ultralydapparater har vist seg å 
være praktisk og effektivt for deteksjon av gassbobler i blodbanen. Flere ulike 
ultralydteknikker og kvantifiseringsmetoder brukes, den vanligste metoden er å 
gradere boblelyder i ultralyd dopplersignaler etter dykking på en skala fra 0 til 5. 
 Hoveddelen av avhandlingen fokuserer på bruk av ultralydavbildning som et 
alternativ til doppler for deteksjon av gassbobler i blodet hos dykkere. I avhandlingen 
er det vist at kvantifisering av gassbobler i ultralydbilder kan gjøres av personer som 
ikke har forutgående erfaring, og at avbildning slik sett er bedre enn doppler, som 
krever mange måneders trening. Graderingsmetodene som brukes i avbildning og 
doppler er vist å være sammenlignbare, noe som muliggjør sammenligning av studier 
som benytter forkjellige teknikker. En studie i avhandlingen viser en statistisk 
sammenheng mellom mengden av detekterbare gassbobler i blodet og risikoen for 
trykkfallsyke. Fravær av gassbobler er en sterk indikasjon på lav eller ingen risiko, og 
bobledeteksjon kan derfor brukes for å evaluere dykkeprosedyrer. Resultatene er 
sammenfallende med hva som tidligere har vært vist med dopplerteknikk. 
 En studie i avhandlingen ser på forekomsten av gassbobler i blodet hos 
helsepersonell som assisterer pasienter ved medisinsk trykkammerbehandling. Studien 
viser at dagens prosedyrer er langt fra optimale og at de bør endres for å redusere 
risikoen for trykkfallsyke hos helsepersonell. 
 Den siste publikasjonen i avhandlingen beskriver en metode for estimering av 
risiko for trykkfallsyke ved testing av luftdykkeprosedyrer. Metoden benytter 
bayesiansk statistikk for å kombinere observert boblemengde ved testing av en 
prosedyre med tidligere etablert sammenheng mellom boblemengde og risiko for 
trykkfallsyke. Resultatet blir et estimat for risiko som er betydelig mer nøyaktig enn 
tidligere metoder. Dette betyr at man trenger færre testdykk for å avgjøre om en 
prosedyre er trygg eller ikke, noe som vil være viktig for utvikling og implementering 
av tryggere dekompresjonstabeller for luftdykking. 
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 LIST OF TERMS AND DEFINITIONS 
 
Autochthonous bubbles: Bubbles remaining at the location where they were created, as 
opposed to circulating bubbles. 
 
Bayesian statistics: Statistics which incorporate prior knowledge and accumulated 
experience into probability calculations by use of Bayes’ theorem. 
 
Bounce diving: In commercial diving, bounce diving is the alternative to saturation diving 
(sub saturation diving). In recreational diving, a bounce dive is a descent to maximum depth 
and then an ascent back to the surface with the least delay. 
 
Compressed air work: Work in hyperbaric air atmosphere. Usually tunnel work or 
construction work in caissons under water, where increased ambient pressure is applied to 
keep water out. 
 
Dermatome: A dermatome is an area of the skin supplied by nerve fibres originating from (or 
converging to) a single dorsal nerve root. 
 
Endogenous: “Arising from within”, endogenous bubbles are bubbles created in the body. 
 
Endothelium: Thin layer of specialized cells that line the interior surface of all blood vessels 
from the heart to the smallest capillaries. Actively involved in many aspects of vascular 
physiology. 
 
Gas emboli: Gas bubbles circulating in the blood vessels. 
 
Harmonics: A sound with a frequency that is an integer multiple of the original sound. If the 
frequency of the original sound is f, the harmonics have frequency 2f (second harmonic), 3f 
(third harmonic), etc. 
 
Heliox: Mixture of helium and oxygen used as breathing gas in deep diving. 
 
Hyperbaric: Pertaining to ambient pressure above what is found at sea level, i.e. more than 
101 kilo Pascals (kPa). 
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 Hypobaric: Pertaining to ambient pressure lower than what is found at sea level, i.e. less than 
101 kPa. 
 
Inert gas: A gas that is not reactive under normal circumstances. In diving the term is used 
for components of the breathing gas not participating in physiological processes, usually 
nitrogen and/or helium. Inert gases are the major constituent of decompression induced gas 
bubbles. 
 
Intravascular: Within the blood vessels. 
 
Negative predictive value (NPV): The probability that an individual does not have the tested 
condition, given that the test result is negative. Here used for the proportion of divers without 
detectable bubbles who have no signs or symptoms of decompression sickness. 
 
Nitrox: Mixture of nitrogen and oxygen used as breathing gas in diving, oxygen levels are 
higher than in air in order to decrease bubble formation. 
 
Paradoxical gas embolism: Air or gas emboli from the venous circulation in the systemic 
arterial circulation. In diving this can occur spontaneously due to a patent foramen ovale or 
through shunts in the pulmonary vasculature. Pulmonary shunts can be pre-existing or due to 
pulmonary barotrauma.  
 
Patent foramen ovale (PFO): Defect in the wall between the right and left atrium of the 
heart. It is a common and usually benign defect of the heart, but can cause paradoxical gas 
embolism. 
 
Pathophysiology: The physiology of disordered function. 
 
Precordial: Pertaining to the precordium, the chest wall over the heart. 
 
Positive predictive value (PPV): The probability that an individual does have the tested 
condition, given that the test result is positive. Here used for the proportion of divers with 
detectable bubbles who have signs or symptoms of decompression sickness. 
 
Saturation diving: A diving technique that allows divers to remain at great depth for long 
periods of time (days or weeks) by living under pressure in a hyperbaric chamber. 
"Saturation" refers to the fact that the diver's tissues have absorbed the maximum partial 
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 pressure of gas possible for that depth. This is significant because once the tissues become 
saturated, the time to ascend from depth is independent of increased bottom time. Commonly 
used for diving deeper than 50 meters of sea water. 
  
Sensitivity: The ability of a test to detect a disease (or condition) when it is truly present. 
Here used for the proportion of cases of decompression sickness accompanied by detectable 
intravascular gas bubbles.  
 
Specificity: The ability of a test to exclude the presence of a disease (or condition) when it is 
truly not present. Here used for the probability of having no detectable bubbles when there are 
no signs or symptoms of decompression sickness.  
 
Technical diving: Non-professional diving that exceeds the scope of recreational diving, 
allowing deeper and longer dives. Various breathing gas mixtures are used to minimise 
decompression time. 
 
Transesophageal echocardiography (TEE): Ultrasound imaging of the heart with the 
ultrasonic probe placed inside the esophagus. This improves image quality compared to 
conventional precordial imaging by shortening the distance and avoiding attenuation by lung 
tissue and costae (ribs). 
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 INTRODUCTION 
 
The first step in the pathophysiological cascade leading to decompression sickness (DCS) is 
the formation of gas bubbles. Although systematically studied for many years, the subsequent 
steps are only partially understood. The simplistic explanation of mechanical damage from 
expansion of bubbles is misleading; recent research has revealed that gas bubbles induce 
vascular endothelial damage and haematological and immunological responses that are 
probably central in the development of the DCS syndrome (1). Still, much work remains 
before the picture is complete. 
 
The first observations of decompression induced gas bubbles were made by the Irish natural 
philosopher and scientist Robert Boyle in 1659. Boyle studied the reactions of various 
substances and animals to reduction in the ambient pressure by putting them in his newly 
invented air pump. Based on his observations he made the following description of the effect 
of pressure changes on the body (2): 
 
“Whether […] the little Bubbles generated upon the absence of Air in the Bloud, juyces and 
soft parts of the Body, may by their Vast number, and their conspiring distension, variously 
streighten in some places, and stretch in others, the Vessels, especially the smaller ones, that 
convey the Bloud and Nourishment; and so by choaking up some passages, and vitiating the 
figure of others, disturb or hinder the due circulation of the Bloud? Not to mention the pains 
that such distensions may cause in some Nerves, and membranous parts, which by irritating 
some of them into convulsions may hasten the death of Animals, and destroy them sooner by 
occasion of that irritation or loss of what the Air is necessary to supply them with.” 
 
Boyle was 200 years ahead of his time. With the development of the deep-sea diving outfit 
and the use of increased pressure to prevent flooding in mines, tunnels and caissons, the 
hazards of decompression were well known in the first half of the 19th century. Attempts to 
explain the malady included congestion, or alternatively hypovolemia, of internal organs due 
to external pressure changes, frictional electricity caused by compressed air and toxaemia 
from tissue catabolism (3). The first systematic study demonstrating the presence of gas 
bubbles in blood and tissues after decompression was done by Paul Bert. In his classical 
work, La Pression barométrique, recherches de physiologie expérimentale (4), published in 
1878, he described bubble formation and DCS in dogs, and suggested how DCS can be 
avoided by a slow decrease in ambient pressure to “allow time for the nitrogen of the blood to 
escape but also allow for the nitrogen of the tissues time to pass into the blood”. Bert’s 
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 discoveries prepared the ground for the works of John Scott Haldane (5), who developed the 
first scientifically based decompression tables and is often referred to as “the father of 
decompression theory”. 
 
With the introduction of ultrasound Doppler instruments for measurement of blood flow in 
the late 1950’s (6) came a tool that enabled simple, non-invasive detection of intravascular 
gas bubbles, but it was not until 10 years later that the first studies on Doppler detection of 
decompression-generated gas bubbles were published (7-9). In the 1970’s and 80’s ultrasound 
equipment became more sophisticated, and both Doppler and imaging techniques were 
applied for bubble detection in both animal and human studies. 
 
Ultrasound instruments are by far the most widely used for detection of decompression 
induced gas bubbles, but other approaches have also been suggested. Mekjavic et al. (10), 
inspired by the classical work of Boyle, found that detection of gas bubbles in ocular tear film 
was a sensitive, simple and practical method for evaluation of decompression stress. Bennett 
et al. (11) applied the method to recreational divers and found a significant increase in bubble 
count after diving, there was, however, no significant correlation with inert gas load. 
Electrical impedance has also been used for detection and quantification of tissue bubbles 
(12), but has limited sensitivity. Recently, the use of electro-optical sensors has been 
suggested for real-time in-dive monitoring of bubbles and vital signs in peripheral vessels 
(13), this is, however, still at an early stage of development. 
 
There are many questions to answer before the enigma of decompression is solved. The large 
individual variation in susceptibility both to bubble formation and to DCS is one. There are 
also large intra-individual differences in bubble formation after identical exposures. Another 
problem is why some bubbles cause DCS while others, so-called “silent bubbles”, do not. Can 
these “silent bubbles” have subclinical effects that may accumulate to long term injury? Even 
basic questions like how and where endogenous bubbles are formed still remain to be 
answered. Recently there has been increased attention to the endothelium both with respect to 
bubble formation and decompression injury. Several studies show reduced endothelial 
function after exposure to vascular bubbles (14-16), and we have suggested that this may be a 
central mechanism in the development of serious decompression injury, and possibly also 
long term injury (17). Further research on the interactions between bubbles and endothelium 
may lead to novel approaches in both the prevention and treatment of decompression injury 
and a reliable method for bubble detection is a prerequisite for such research. 
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 There is no “gold standard” for detection of decompression induced vascular gas bubbles, but 
the most frequently applied method is by use of ultrasound Doppler systems. An expert 
interprets the Doppler signals aurally and scores bubble sounds according to a grading 
system. Standardized procedures for monitoring dive subjects and identifying and classifying 
bubbles have been suggested to enable comparison of results from different studies (18). 
However, the significance of intravascular bubbles as a measure for decompression stress is 
still debated, and there is no consensus on how bubble data should be analysed or interpreted.  
 
The aim of the current study has been to evaluate and compare the performance of different 
ultrasound systems for detection of vascular gas bubbles. We have used the methods in 
practice to evaluate decompression stress, and we have suggested a new statistical method for 
validation of decompression procedures based on observed bubble grades. 
 
 
DECOMPRESSION DISORDERS – NOMENCLATURE 
 
When going through the literature, the nomenclature of decompression disorders can be quite 
confusing. There are a number of terms in use, and different authors use the terms differently. 
Decompression sickness, decompression illness, decompression injury, bends and caisson 
disease are all used to describe the same condition. In the fifth edition of Bennett and Elliott’s 
Physiology and Medicine of Diving, the editors have based the terminology upon physiologic 
mechanisms of injury (19): Decompression sickness are conditions arising from the evolution 
of a gas phase from within the body. Arterial gas embolism (AGE) is gas introduced into the 
arterial circulation either through a right to left shunt (an intracardial septum defect or a 
pulmonary shunt) or secondary to pulmonary barotrauma. Barotrauma is tissue damage 
caused by changes in ambient pressure affecting closed gas volumes inside or beside the 
body, typically lungs, sinuses, middle ear or diving mask. Decompression illness (DCI) is a 
term often used to encompass all forms of injury related to changes in ambient pressure. 
 
When decompression stress is used for evaluation of the safety of procedures it is important to 
consider even trivial symptoms that do not require recompression treatment in a clinical 
setting. The presence of such symptoms probably indicate a higher level of risk, but they do 
not necessarily qualify for the term decompression sickness. We have therefore introduced the 
term “adverse effects of decompression” (AED) to include all minor signs and symptoms 
(Paper IV). 
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DECOMPRESSION SICKNESS: CLASSIFICATION, 
MANIFESTATIONS AND PATHOPHYSIOLOGY 
 
Decompression sickness has been referred to as the decompression syndrome (20), reflecting 
that it is a clinical diagnosis comprising a wide range of symptoms precipitated by a common 
event: The formation of endogenous gas bubbles due to supersaturation by gases. 
Decompression sickness is often classified in two main categories, Type I and Type II, 
according to the severity and the organ systems involved (21). Type I includes cases with 
musculoskeletal manifestations (pain), cutaneous or lymphatic involvement and more diffuse 
symptoms such as malaise, anorexia and fatigue. Type II includes all cases of more serious 
nature, mainly neurological manifestations (both peripheral and central nervous systems) and 
respiratory manifestations (“chokes”). This classification is useful in a clinical setting for 
prognosis and treatment management. An alternative definition and classification of DCS was 
designed by an expert group from the US Navy and Canadian Forces in 1988 (22). These 
criteria were designed for more scientific purposes, mainly to enable comparison of DCS data 
from different studies, and were not intended for clinical use. 
 
Several textbooks on diving medicine claim that limb pain is the most common manifestation 
of DCS: “Limb pain […] is by far the most common symptom of decompression sickness” 
(20), “The onset of aching pain in a limb is the most common manifestation of decompression 
sickness” (23), “Limb bends […] occurs in 85%-95% of all cases” (24). However, two recent 
epidemiologic studies with a total of over 4,500 DCS cases mainly from recreational diving 
indicate that neurological manifestations are now more common (25). In the UK Institute of 
Naval Medicine database the prevalence of neurological manifestations is 77% whereas limb 
pain is found in 49% of the cases. It has been suggested that the introduction of dive 
computers has led to deeper dives and longer bottom times and consequently an increased 
proportion of neurologic DCS (26). An alternative explanation for the apparent change in 
symptomatology is an increased focus on neurological damage to divers. It has been stated 
that the way to reduce the incidence of cerebral manifestations of DCS is to omit a full 
neurological examination (27), the same may apply to other neurologic manifestations. 
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 Neurologic manifestations 
 
The most common symptoms in neurologic DCS are sensorial disturbances like paresthesias 
and numbness (28). These mild cases may occur in any anatomical location, they are rarely 
distributed according to dermatomes and may originate from the central, peripheral or 
autonomous nervous systems (25). More severe neurologic DCS with overt cerebral or spinal 
genesis represents only a small minority of cases, but because of the potentially serious 
outcome with debilitating sequelae, this has traditionally been subject to the most research 
with respect to pathophysiology. Still, the mechanisms behind neurologic decompression 
sickness are debated.  
 
In an analysis of 1070 cases of central nervous decompression sickness Francis et al. found 
that 77% involved the spinal cord (29). Animal studies have shown that the white matter is 
the primary target of decompression induced injury in the spinal cord (30;31). Theoretically, 
the white matter is a favourable location for bubble formation; its low perfusion means that 
the washout of inert gas during decompression is slow, and because of its high lipid content it 
is believed to have a high solubility for inert gas, although this is debated (32). Francis et al. 
observed autochthonous (in-situ) bubbles histologically in spinal cord white matter of dogs 
with signs of DCS (33). Based on scanning electron micrographs the authors postulated that 
the autochthonous gas bubbles they observed in white matter were extravascular (34). In a 
later histological study on pigs, Palmer suggested that damage to the spinal cord is caused by 
stationary intravascular bubbles (35). Variations in the latency of symptoms (29) and response 
to recompression (36) indicate that there is more than one mechanism behind decompression 
induced spinal cord injury, and at least 3 possible mechanisms are suggested in the literature: 
bubbles causing mechanical damage to nerve cell axons, bubbles causing mechanical damage 
to the local microvasculature and inflammatory responses induced by the bubble surface 
(37;38).  
 
The generous perfusion of the brain makes it less vulnerable to local bubble formation, but 
more exposed to embolic bubbles. Autochthonous bubbles have been observed in the 
cerebrum and cerebellum in animal experiments, but only after extreme exposures with high 
mortality (31). Most studies focus on arterial gas emboli as the main cause in cerebral 
decompression sickness, and patent foramen ovale (PFO) has been shown to play a role in the 
occurrence of cerebral DCS (39). Studies using magnetic resonance imaging of the brain 
confirm gas embolism as a cause of damage (40;41). Histologically, post decompression brain 
lesions have been described as foci of ischemia (42), as is the case in cerebral insults from 
other embolic sources. 
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Musculoskeletal manifestations – the bends 
 
Musculoskeletal manifestations of DCS are most commonly characterised by limb pain, 
usually in or in close proximity to synovial joints. Most hypotheses on the pathophysiology of 
musculoskeletal DCS focus on autochthonous bubbles (1). The exact location of these 
bubbles and the mechanisms causing pain remain debated, but low perfusion tissues such as 
tendons and cartilage are believed to be prone to bubble formation. The fact that the 
proportion of musculoskeletal DCS is particularly high in saturation diving and hypobaric 
exposures supports bubble formation in “slow” tissues, and studies show a significant number 
of cases in the absence of detectable vascular bubbles (43). Prompt relief of symptoms with 
early recompression also supports the participation of autochthonous bubbles in the 
pathogenesis (20). 
 
Cutaneous and lymphatic manifestations 
 
Cutaneous DCS is also often attributed to tissue bubbles. Francis and Mitchell state that 
cutaneous manifestations “[…] almost certainly arise as a result of autochthonous bubble 
formation” (25). However, in a histopatohologic study of cutaneous lesions in swine after 
decompression Buttolph et al. found vascular congestion, focal vasculitis and perivascular 
inflammatory changes compatible with reactions to intravascular bubbles (44). Wilmshurst et 
al. (45) have shown a correlation between right-to-left shunts and cutaneous DCS  and 
suggest paradoxical gas embolism as a possible cause in shallow, non-provocative dives. 
Cutis marmorata, which is one of several cutaneous manifestations of DCS, is often 
considered a harbinger of more serious DCS involving the central nervous system and the 
lung (46;47). 
 
Tissue swelling after decompression is attributed to lymphoedema by gas bubbles obstructing 
the lymphatic vessels (24). It is a rare condition, seen in less than 1% of DCS cases (25). It 
usually involves the trunk, but occasionally also the head and neck (27). Treatment with 
recompression normally gives prompt relief. 
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Cardiopulmonary manifestations – chokes 
 
Cardiopulmonary DCS is rare, but represents one of the potentially lethal forms of DCS. 
“Chokes” generally occur after very provocative exposures and is believed to be caused by 
severe accumulation of gas bubbles in the pulmonary capillaries (48). Clinically it is 
characterised by the triad of substernal pain, cough, and dyspnea, and the first symptoms 
usually occur shortly after decompression. If left untreated, severe cases progress with 
cyanosis, respiratory acidosis, pulmonary hypertension and reduced cardiac output and 
eventually cardiac arrest and death (25). 
 
It is now well documented that decompression can induce production of substantial amounts 
of venous gas bubbles without accompanying symptoms of decompression sickness, these are 
called “silent bubbles” (49). Whether these bubbles are actually benign is debated, and the 
lungs are of special concern with respect to possible subclinical damage, as circulating venous 
gas bubbles will eventually end up in the pulmonary capillaries. Nossum et al. demonstrated 
that small numbers of vascular gas bubbles induced endothelial dysfunction in the pulmonary 
artery and signs of inflammation in lung tissue of rabbits (16).  
 
A significant reduction in pulmonary diffusion capacity has been reported in divers after 
clinically uneventful air dives (50) and saturation dives (51), and the authors suggest that this 
is, at least partly, caused by venous bubbles. The concept of silent bubbles has been subject to 
criticism (52) and Eckenhoff suggested that not only absence of DCS, but also limitation of 
vascular bubbles should be considered in evaluation of decompression procedures (53). 
 
Other manifestations 
 
Constitutional manifestations like headache, fatigue, flu-like symptoms and diffuse muscular 
pain are quite common, and are found in approximately 30% of the DCS cases in the UK 
Institute of Naval Medicine database (25). These manifestations are generally believed to 
arise from inflammatory responses to gas bubbles (1). They usually regress spontaneously. 
 
Audiovestibular manifestations include vertigo, nausea, vomiting, tinnitus, nystagmus and 
impaired hearing. The symptomatology is often dramatic and debilitating, and inner ear DCS 
is categorised as Type II (serious). Audiovestibular manifestations are quite common, data 
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 from Divers Alert Network (DAN) indicate that they constitute approximately 13 % of DCS 
cases (25). Inner ear DCS is believed to be caused either by intravascular gas bubbles in the 
labyrinthine vessels, or extravascular gas bubbles in the endo- or perilymph (54). 
 
 
MECHANISMS OF VASCULAR BUBBLE FORMATION 
 
Bubble formation is a ubiquitous phenomenon, still our understanding of the mechanisms 
behind is not complete. This is particularly true for endogenous bubble formation in 
decompression. De novo formation of endogenous gas bubbles requires a level of 
supersaturation that exceeds by far what is found in the body after a dive (55). Still, it has 
been shown that 50% of humans can be expected to produce endogenous gas bubbles after 
decompression from a steady-state pressure exposure of only 3.5 meters of seawater (msw) 
(56). It is therefore generally assumed that decompression bubbles grow from precursors, so-
called bubble nuclei (57). It has been suggested that the gas nuclei are stabilised within 
hydrophobic crevices in the endothelium (58), or by a coating of surface-active molecules like 
surfactants (59). With stable bubble nuclei in place, their contents and size will change 
according to the difference between the tension of dissolved gas and the bubble gas pressure 
at the gas-liquid interface. The process is believed to be similar to what can be observed on 
the inside of a beer glass, where CO2 from the beer diffuses into a preformed bubble attached 
to the glass surface, and a continuous stream of bubbles is released. 
 
We have suggested that caveolae, lipid-rich invaginations in the vascular wall, may be 
favourable areas for formation and stable attachment of bubble nuclei (17). Caveolae are also 
important in the regulation of nitric oxide (NO) production in the endothelial cells (60). It has 
been shown that exogenous NO given before a dive reduces post-dive bubble formation (61) 
and that NO blockade increases bubble formation (62). One of many important properties of 
NO is to reduce the adhesiveness of cellular particles to the endothelium (63). We have 
postulated NO can also reduce the adhesion of bubble nuclei, and thus decrease the number of 
nuclei available for bubble production (17). NO may therefore be a key regulator in bubble 
production, and differences in NO production may explain the large inter- and intraindividual 
differences observed in bubble production after identical dives.  
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 ULTRASOUND AND INTRAVASCULAR GAS BUBBLES; 
THEORETICAL CONSIDERATIONS 
 
Most ultrasonic methods for medical diagnostic purposes are based on transmitting high 
frequency sound waves from a piezoelectric crystal (the transducer) into the body and 
receiving and interpreting the echoes. Tissues are heterogeneous with respect to acoustic 
properties, and at each interface between these heterogeneities a fraction of the ultrasound 
signal is reflected. For a plane wave hitting a plane interface at right angle the fraction of 
reflected to incident energy is given by  
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where Z1 and Z2 are the acoustic impedance on each side of the interface, defined as the 
product of density (ρ) and sound velocity (c) in the medium. Large differences in acoustic 
impedance yield high energy reflections from the interface. The reflections from the 
heterogeneities in tissues are picked up by a piezoelectric crystal and converted into electric 
signals. The main differences between various ultrasound modalities lie in the way these 
signals are processed and displayed. 
 
Typical sound frequencies in ultrasonic diagnostic equipment range from 1 to 10 MHz and 
the choice of frequency depends on requirements for penetration and resolution. Increasing 
the frequency improves resolution but lowers penetration. Low frequencies, typically 2-4 
MHz, are used for monitoring the heart and other deep structures, while higher frequencies 
are used for small, superficial structures like peripheral vessels or for endoscopic ultrasound 
where the distance to the target organ is small. 
 
Sound velocity in air is approximately 340 m/s and the density of air at room temperature and 
normobaric pressure is around 1.2 kg/m3. The corresponding values for blood and tissues are 
approximately 1500 m/s and 1000 kg/m3, respectively. This means that the reflection 
coefficient for a gas bubble in blood or tissue is approximately 99.9%. In practice, most of the 
sound energy hitting the gas bubble is scattered and only a small proportion is reflected and 
picked up by the receiving transducer. Still, the reflected energy from a bubble in blood is 
much stronger than from the surrounding areas, so the bubble can be identified. 
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 For bubbles above resonance size (0.6µm at 5 MHz (64)) there is a theoretical linear 
relationship between the amplitude of the reflected ultrasound and the bubble radius (65;66). 
It is therefore theoretically possible to determine the size of detected bubbles based on the 
amplitude of the echo. From measurements on calibrated bubbles in a hydromechanical 
cardiovascular model we have previously found that it is difficult in practice to estimate 
absolute bubble sizes, but possible to compare mean size in populations of bubbles, e.g. 
venous and arterial bubbles (67). This was demonstrated in practice by Vik et al. who 
observed that echoes from infused bubbles in the right ventricle had higher intensity than 
echoes from arterial bubbles in the same pigs, indicating that bubbles entering the arterial 
circulation through the lung are smaller (68). 
 
Even though gas bubbles are strong reflectors of ultrasound, there is a limit to the size of 
detectable bubbles. The fact that intravascular bubbles are not detected does therefore not 
mean that there are no bubbles present. The detection sensitivity depends on many factors: 
The mode of ultrasound being used, the ultrasound frequency, geometrical properties of the 
transducer, positioning of the transducer and anatomical properties of the subject being 
monitored. Based on in vitro experiments Hills and Grulke (69) predicted a minimum 
detectable bubble diameter for single bubbles in the heart or large arteries of 20-25 µm. 
Lubbers and van den Berg estimated a minimum detection size of 30 µm (66). In comparison, 
Van Liew et al. from theoretical considerations predicted a minimum size of decompression 
bubbles of 5-10 µm (70), and Hills and Butler found bubble diameters of 19-700 µm when 
investigating decompression-induced vascular bubbles in living dogs (71). Christman et al. 
detected decompression bubbles in dogs with an ultrasound system based on second harmonic 
resonance and found a high prevalence of 4 µm microbubbles in the femoral veins (72).  
 
The real-time and non-invasive nature of ultrasonic diagnostic systems and the acoustic 
properties of gas bubbles in blood make such systems well suited for detection of 
intravascular gas bubbles. However, the relationship between detectable gas bubbles and 
decompression stress is ambiguous, so data should be interpreted with some caution, as will 
be discussed later. 
    15
 DOPPLER SYSTEMS IN DETECTION OF MICROBUBBLES 
 
The Doppler ultrasonic flow meter is the simplest application of ultrasound for bubble 
detection. Reflected ultrasound waves are shifted in frequency proportionally to the velocity 
of a moving reflector. This change in frequency is called the Doppler shift, and is given by  
 
c
fvf θcos2=Δ       (2) 
 
where f is the frequency of the transmitted signal, v is the velocity of the reflector, θ is the 
angle between the transmitted signal and the direction of the moving reflector and c is the 
sound velocity. The Doppler shift typically falls in the audible range 0-10kHz and is simply 
used as audible output. So the output Doppler signal is a sound with frequency proportional to 
the velocity of the reflectors and amplitude according to their acoustic properties. Reflections 
from stationary structures (tissue) will not have a Doppler shift and will thus not be heard in 
the output signal. Any gas bubbles moving with the blood flow will give very strong 
reflections that can be distinguished from the low amplitude flow signal from blood cells. 
 
Doppler ultrasound systems can be either continuous wave (CW) or pulsed wave (PW). In a 
CW system there are two transducers; one continuously transmitting ultrasound waves and 
one continuously receiving reflections. A PW Doppler system comprises a single transducer 
which emits short bursts of ultrasound and then “listens” for echoes. As the sound velocity in 
the tissue is known, one can define the depth from which to receive echoes by adjusting the 
time delay from transmission to reception and the duration of reception. Thus, PW Doppler 
systems have depth resolution which can improve the signal to noise ratio. However, if the 
sample volume is not optimally adjusted, part of the blood flow signal will be lost. CW 
systems are technically simpler and cheaper than PW systems, and also easier to use. They are 
therefore the most commonly used for detection of intravascular gas bubbles. 
 
Most ultrasonic scanners used for 2-dimensional imaging also have both CW and PW 
Doppler functions for blood flow measurements. This enables the operator to easily find an 
optimal position for the Doppler signal and to avoid fast moving structures like valve cusps. 
Ultrasound scanners are, however, expensive and complex pieces of equipment and their use 
has so far been limited to laboratory experiments. 
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 Simple CW Doppler systems are available that are dedicated for decompression applications 
with transducers designed for precordial monitoring of blood flow in the pulmonary artery or 
the right ventricle of the heart. These are the most commonly used locations for detection of 
intravascular gas bubbles as this is where venous blood from all parts of the body is gathered 
and pumped through the lungs. Peripheral veins can also be monitored; the subclavian veins 
are often used. 
 
Quantification of gas bubbles in Doppler signals 
 
The most common method for identification of bubbles in Doppler signals is by listening and 
estimating the number of bubble signals according to some classification scheme. The most 
widely used classification schemes are the Spencer code (73) and the Kisman-Masurel code 
(74). 
 
The Spencer code was the first standard for classifying bubbles. It is based on precordial 
measurements with the monitored diver at rest, sitting or lying in the supine position. It 
contains five categories from 0 to IV defined by the number of cardiac cycles containing 
bubbles and the number of bubble signals per cardiac cycle (Table 1). 
 
Table 1. Definition of the Spencer code. 
Grade Description 
0 A complete lack of bubble signals 
I An occasional bubble signal discernible with the cardiac motion signal with 
the great majority of cardiac periods free of bubbles 
II Many, but less than half, of the cardiac periods contain bubble signals, 
singly or in groups 
III Most of the cardiac periods contain showers of single-bubble signals, but 
not dominating or overriding the cardiac motion signals 
IV The maximum detectable bubble signal sounding continuously throughout 
systole and diastole of every cardiac period, and overriding the amplitude 
of the normal cardiac signals 
 
 
The Kisman-Masurel (KM) code is based on a systematic step-by step approach where three 
separate components are used for classifying the Doppler signals:  
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-The number of bubbles per cardiac cycle  
-The percentage of cardiac cycle containing bubble signals at rest or the number of 
cardiac cycles with increased bubble signals after a specified movement  
-The amplitude of the bubble signals as compared to the background flow signal.  
 
Each of the three components is classified on a scale from 0 to 4 (Table 2) and this three-
numbered KM code is converted to a single bubble grade 0-IV with subdivisions of + and – 
giving a total of 12 different values, the KM grade.  
 
Table 2. Definition of the three components in the Kisman-Masurel code 
Code Percentage/duration 
 
Frequency 
Bubbles per 
cardiac cycle 
Percentage, cardiac 
cycles at rest 
Movement, duration 
cardiac cycles 
Amplitude 
0 0 0 0 No bubbles 
discernible 
 
1 1-2 1-10 1-2 Barely perceptible, 
A(b)1<<A(c)2
 
2 several, 3-8 10-50 3-5 Moderate amplitude, 
A(b)<A(c) 
 
3 Rolling 
drumbeat ≥ 9 
 
50-99 6-10 Loud, A(b)≈A(c) 
 
4 Continuous 
sound 
100 >10 Maximal, A(b)>A(c) 
1A(b)- amplitude of bubble sound, 2A(c) - amplitude of cardiac sound 
 
For compatibility, Kisman and Masurel designed their code to match as closely as possible to 
the established Spencer code. If + and - are discarded in the KM grade, the two systems are 
essentially identical when monitoring a diver at rest, as shown in Table 3. However, the KM 
code includes the movement condition, which makes it more sensitive than the Spencer code, 
as movement has been shown to release showers of bubbles in divers who have few or no 
detectable bubbles at rest. Both grading systems were originally designed for precordial 
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 measurements where the frequency of bubble signals can be related to heart cycles. The KM 
code is also used for peripheral vessels, usually the subclavian veins. The KM code has 
become the standard among many researchers (43). 
 
Table 3. Conversion between Spencer code and KM code/KM grade 
Spencer code KM code/grade 
0 0 
I 111/I-, 112/I, 113/I, 211/I-, 212/I, 213/I+ 
II 121/I+, 122/II, 123/II, 221/II-, 222/II, 223/II+ 
III 232/III-, 233/III, 242/III, 243/III, 332/III, 333/III, 342/III+, 343/III+ 
IV 444/IV 
 
 
Comparison of bubble detection results from different decompression studies not only 
requires standardised classification codes, but also standardised procedures for monitoring 
and standardised analysis and reporting of the results. A standard procedure for monitoring 
divers after subsaturation dives has been implemented and extensively used by Canadian 
researchers (18). Initially, the pulmonary artery is monitored (alternatively the right 
ventricular outflow tract) with the diver at rest, then after a deep knee-bend. Subsequently, 
both subclavian veins are investigated at rest and after clenching of the ipsilateral fist. All 
monitoring is performed with the diver standing and scoring is done according to the KM 
code. It is suggested that monitoring after sub-saturation dives is conducted within 20 minutes 
of reaching surface pressure and repeated at 30 to 40 minute intervals, depending on the 
number of subjects monitored, for at least 2 hours. For saturation dives, monitoring should be 
conducted several times a day during decompression and for several hours after surfacing. 
There is evidence that the femoral veins should be monitored rather than the subclavian veins 
for saturation diving; this will be discussed later. 
 
In our experience 2 hours of monitoring is sufficient to cover peak bubble scores in most 
cases of sub-saturation dives. However, we have in some cases observed low-grade bubbles 
for several hours after surfacing (unpublished observations). In testing air tables for caisson 
work, Flook frequently observed time to maximum bubble grade of more than 2 hours (75), 
thus monitoring should proceed until the peak has clearly been covered. We have also 
observed transient peaks in bubble numbers that could easily be missed with 40 minute 
intervals between investigations. This would lead to an underestimation of maximum bubble 
grade and thus an overestimation of the safety of the tested procedure. We therefore suggest 
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 that the number of subjects is limited so that monitoring can be performed at 20 minute 
intervals, at least for the first hour after surfacing. 
 
Analysis of Doppler data 
 
Analysis and presentation of Doppler data is not a straightforward task. The grading systems 
yield ranked, but highly non-linear, categorical data. Consequently, common parametric 
procedures like calculating mean values, standard deviations and time integrals are not 
appropriate. Non-parametric procedures like Mann-Whitney U test, Wilcoxon rank sum and 
Wilcoxon signed rank test can be used.  
 
Kisman et al proposed an “index of severity” by attempting to linearise KM bubble grades 
into actual bubble numbers and integrating over a period of time (76). This was later renamed 
by Jankowski et al (77) to the Kisman Integrated Severity Score (KISS) and is defined by 
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where t is the time of observation in minutes after reaching the surface, d is the precordial 
Doppler grade 0 to IV observed at time t and α is a constant that accounts for the nonlinearity 
of the bubble grading system, Kisman chose α = 3. Several studies have used the KISS 
conversion (77-81), but the method has to our knowledge never been formally validated. 
KISS data are numerical, but have their origin in the non-parametric KM-code, so non-
parametric tests should be preferred (81). 
 
The single observed peak bubble grade is a commonly used parameter for presentation of 
Doppler data. It has some limitations in that it does not necessarily reflect the total amount of 
gas bubbles present after the dive. However, because of the exponential non-linearity of the 
grading systems, the contribution of lower bubble grades will be very small compared to the 
higher grades, and due to the intermittent bubble detection the duration of the peak value is 
usually unknown. The peak value may therefore be a reasonable approximation to the total 
number of bubbles produced. This is supported by the findings of Jankowski et al. (81) who 
compared KISS-data to linearised “snapshot” bubble grades. Also, it is not known whether 
the total number of gas bubbles, as represented by an integral, or the highest instantaneous 
production of bubbles is the better measure for decompression stress. High peaks of short 
duration may be more critical with respect to decompression sickness than lower levels of 
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 bubbling over longer periods of time; Nossum et al. found that endothelial damage caused by 
intravascular gas bubbles was related to maximum number of bubbles rather than duration of 
bubble exposure (15).  
 
Sawatzky found that the maximum bubble grade irrespective of movement/rest and location 
(precordial/subclavian) was the best indicator of DCS (82). He explained this by the greater 
ease with which bubbles can be detected in the subclavian veins compared to the precordium. 
Also, as previously mentioned, movement is known to mobilise stationary bubbles sticking to 
the inside of the vessel walls, increasing the sensitivity of the detection. 
 
The time course of observable bubbles may also be of importance; Daniels et al. suggested an 
inverse relationship between time to bubble peak and the severity of the decompression 
profile and thus risk of decompression sickness (83). This is in accordance with our 
observations for sub saturation dives (unpublished observations). Conkin and co-workers also 
found an increased risk of DCS with early occurrence of bubbles after decompression in 
hypobaric exposures (84). 
 
The human factor in bubble scoring 
 
Regardless of which classification code is used, scoring of Doppler data is a time-consuming 
and labour-intensive task and requires highly trained observers. Also, even though adequately 
trained, both Spencer and KM codes require a significant degree of subjective interpretation 
on the part of the rater.  
 
Sawatzky and Nishi proposed the use of weighted kappa statistics for assessing inter-rater 
agreement for bubble scores to ensure comparability between different observers (85). This 
gives a measure of the agreement between two observers and is completely corrected for 
chance agreements. The authors defined a lower acceptable level of agreement and found that 
it typically takes over a year to train technicians to a standard where their scoring agrees 
satisfactorily with the scoring of experts. 
 
Automated bubble counting in Doppler signals 
 
An automated system for detection and quantification of bubbles in Doppler signals would, at 
least in theory, overcome the flaws of manual scoring; it would give an objective, linear 
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 measure of detected bubbles. Several attempts have been made to design systems for 
automatic bubble counting, most of them are based on differences in reflected energy between 
post decompression Doppler signals and bubble-free pre dive signals (43) in the time domain 
and/or in frequency spectra.  
 
Chappell et al. showed that non-stationary signal analysis techniques are required for 
automated analysis of Doppler signals, and proposed a bubble detection algorithm based on 
Empirical Mode Decomposition (86). They also suggest the use of wavelets, which can be 
regarded as a bank of band-pass filters, as an alternative approach (87). A similar method was 
suggested by Belcher et al. who combined comb filters with enveloping and thresholding by 
an adaptive (self adjusting) algorithm (88). Guillerm et al. (89) and Monjaret et al. (90) used 
comb filters to extract information in specific frequency bands, subtracted background levels 
and calculated the time integral of the resulting signals. Kisman (91) used fast Fourier 
transform (FFT) for spectral analysis of Doppler signals to improve signal/noise ratio and 
perform real-time bubble detection. FFT spectral analysis was also used by Gibby et al. in an 
automated system for detecting venous air emboli during surgery (92;93). Other approaches 
include use of artificial intelligence (94), neural networks (95;96), burst detection algorithms 
(97) and time-frequency methods (98).  
 
Common for most automatic detection systems is the ability to identify bubbles with some 
degree of accuracy in good quality Doppler signals, such as from animal experiments where 
the ultrasonic probe can be implanted close to a vessel. Measurements in peripheral vessels of 
humans also give a high signal to noise ratio and it has been shown that emboli can be 
detected automatically with a high level of accuracy in Doppler recordings from the 
subclavian veins (99) and the carotid artery (100).  
 
Despite rapidly increasing capacity in digital signal processing, a verified, reliable automated 
system for detection of bubbles in the central venous circulation of humans is not available. 
Two fundamental problems are the sensitivity of the quality of precordial Doppler signals to 
small alterations in position or angle of the ultrasonic probe, and reflections from moving 
tissue which are similar both in amplitude and frequency to that of gas bubbles. Another 
problem is the difficulty in validating bubble counting systems against bubble grade 
information (101). The human ear is still considered the most precise instrument for 
identification and classification of gas bubbles in Doppler signals and manual scoring 
performed by an expert remains the most commonly used method.  
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 ULTRASONIC IMAGING IN DETECTION OF MICROBUBBLES 
 
In ultrasound imaging, a transducer emits a short pulse of ultrasound and then “listens” for 
echoes from reflectors, similar to the pulsed wave Doppler systems. But in contrast to the 
Doppler technique, the frequency of the echo is not considered. The distance from the 
transducer to the reflector is determined by the delay from transmission to reception of the 
echo and the intensity of the echo determines the brightness with which the reflector is 
displayed in the image.  
 
2-dimensional (2D) ultrasonic scanning (B-mode imaging, brightness mode) is the most 
common mode for clinical applications. It is also the most widely used imaging technique for 
detection of decompression bubbles. In this mode the ultrasound beam is swept, either by 
mechanical movement of the transducer or by serial excitation of an array of transducers, and 
the 1-dimensional arrays of echoes for each transmitted pulse are put together to form a 2-
dimensional image.  
 
In M-mode imaging (motion mode) each sound pulse is sent in the same direction and only a 
single line-of-sight is displayed, but for each new pulse the previous line on the display is 
scrolled to the left. This gives a 1-dimensional image with distance from the transducer on the 
vertical axis and time course along the horizontal axis. This mode is commonly used in 
echocardiography where time resolution is critical due to rapidly moving objects like heart 
valves. M-mode has been used for detection of decompression-induced vascular gas bubbles 
(102;103) and Ikeda et al. found that the method had the same sensitivity as Doppler methods, 
but with less inter-observer variations (104).  
 
As for Doppler systems, the central venous circulation, mainly the right ventricle and 
pulmonary artery, is the main location for detection of vascular microbubbles with imaging 
techniques. When imaging the heart precordially (through the thorax from the front) the right 
ventricle is the compartment closest to the transducer. Due to anatomical differences the 
optimal position for a good view of the right ventricle varies, but the fourth intercostal space 
just left of the sternum with the transducer pointing slightly cranially will generally give a 
good short axis view (Figure 1A). An alternative is a long axis 4 chamber view with the 
transducer placed under the left costal arch pointing cranially (Figure 1B). Both positions 
generally give good view of the venous and arterial circulation simultaneously. 
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Figure 1A. Short axis view showing venous 
gas bubbles. One gas bubble can be seen in 
the left ventricle. RV- right ventricle, LV – 
left ventricle, Ao – aorta. 
Figure 1B. Long axis view with venous gas 
bubbles. RV - Right ventricle, LV - left 
ventricle. 
 
An optimal view of the heart can be obtained by transesophageal echocardiography (TEE) 
where the transducer is mounted on a gastroscope and inserted into the esophagus. The 
transducer is very close to the heart, enabling use of higher frequencies than with precordial 
imaging, so it is easy to obtain a constant view with a high level of detail (Figure 2). This 
technique is used clinically in examinations requiring particularly high image quality, e.g. 
diagnosis of patent foramen ovale (PFO), usually in combination with an ultrasound contrast 
agent. The use of TEE transducers is definitely uncomfortable for the patient and although 
complications are rare, perforation of the esophagus has been described (105). For 
decompression research this technique is therefore limited to animal experiments (106;107). 
 
 
 
Figure 2. Transesophageal echocardiography from decompression experiment with pig. 
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Quantification of vascular gas bubbles in ultrasound images 
 
Automatic detection of gas bubbles in ultrasound images is hampered by variations in image 
quality and the problem of maintaining a constant intravascular window. As for Doppler 
systems, it can be difficult to discriminate reflections from bubbles in the central circulation 
from that of surrounding tissues. Quantification of gas bubbles is therefore most easily done 
semi-quantitatively by use of a grading scheme.  
 
We have suggested a 6-level grading code for quantification of gas bubbles (Table 4) and 
shown that this code can be used accurately by untrained observers (Paper I), unlike 
interpretation of Doppler signals. The main challenge in the use of 2D scanning is to obtain an 
image quality that is sufficient to identify bubble signals. In our experience individual 
anatomical variations are of importance and image quality seems to be inversely correlated to 
age and subcutaneous fat (unpublished observations).  
 
Table 4. Grading code for ultrasonic images 
Grade Definition 
0 No observable bubbles 
1 Occasional bubbles 
2 At least 1 bubble every 4 heart cycles 
3 At least 1 bubble every heart cycle 
4 At least 1 bubble per cm2 in every image 
5 "White-out", single bubbles cannot be discriminated 
 
As with Doppler codes the image grading code yields ranked, ordinal data. The same problems 
and restrictions with respect to statistical analyses and interpretation of the data therefore apply 
to the image grading code as for Doppler codes. 
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 Automated bubble counting 
 
We have developed and implemented a computer program that can automatically detect and 
count gas vascular gas bubbles in 2D images in real time (108;109). The system has been used 
mainly with TEE imaging in animal decompression experiments, a method that generally gives 
images with a high signal to noise ratio. The computer program searches a pre-defined 
intravascular area for high intensity bubble echoes. Pattern recognition algorithms are used for 
identification of bubble signals, and the system has been verified by simultaneous manual 
bubble counts. Bubble detection is performed continuously during and after decompression and 
the number of bubbles is related to the detection area as bubbles/cm2. With this method it is 
easy to calculate time integrals to get an estimate of total amount of free gas. Data may be 
analysed using parametric statistics, either as they are or after log transformation. We have not 
verified whether such data are generally Normally distributed, and this is an issue that should 
be looked into before more specific recommendations about statistical analyses can be given. 
 
The ability to count bubbles has enabled us to determine the relationship between image bubble 
grades and actual number of bubbles present. Table 5 shows a comparison between bubble 
grades from images, from Doppler signals and from automated counting (110). The results are 
based upon an approximation from several hundred animal experiments and show that both 
grading systems are highly non-linear with an exponential relationship to the number of 
bubbles. The established correspondence can be used for transforming bubble scores into 
bubble numbers, making direct comparison of results from different procedures easier.  
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 Table 5. Relationship between Doppler bubble grades (KM), image bubble grade (EB) and 
counted number of bubbles. 
KM grade EB grade Number of bubbles per cm2
0 0 0 
I- 1 0.01 
I 1 0.05 
I+ 1 0.1 
II- 2 0.15 
II 2 0.2 
II+ 2 0.3 
III- 3 0.5 
III 3 1 
III+ 4 2 
IV- 4 5 
IV 5 10 
 
 
Detection of tissue bubbles 
 
The first use of ultrasound imaging in decompression was done to study bubble formation in 
the hind legs of guinea pigs (111). The method was further developed by Daniels and 
colleagues (112;113) and with high resolution ultrasound imaging the technique enabled 
detection of moving and stationary bubbles as small as 10µm diameter (114). Bubble detection 
is based on changes in reflected ultrasound intensity with occurrence of bubbles and the system 
has an electronic integrator for automatic estimation of gas volume (115). The method has been 
used for both non-saturation and saturation dives (83) and an instrument for human studies has 
also been made based on the same method (116). A major limitation of the method is the 
occurrence of artefacts when the subject moves, for example echoes from deformation of 
structures, which is essentially the same problem that is encountered in all automated 
ultrasound-based bubble detection systems. The system does not appear to have been developed 
further. 
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Combined Doppler/imaging ultrasound instruments 
 
Most ultrasonic scanners now have a built-in Doppler unit for blood flow measurements. Aided 
by 2D imaging it is possible to position the sample volume of the Doppler to optimise the 
signal to noise ratio. For PW Doppler the whole sample volume can be placed inside the 
pulmonary artery and reflections from valves and other moving tissues can be avoided. Also for 
CW Doppler the image guiding will be helpful in getting a good flow signal. The sample 
volume can easily be moved to include the arterial flow signal and thus pick up signals from 
arterial bubbles. The Doppler signals can be graded using a standard code, but it is also possible 
that the signals obtained are of a quality sufficient to perform automated counting by one of the 
previously described methods. It has been shown that image assisted Doppler systems are more 
sensitive than 2D imaging systems for human studies (117), and image guidance for positioning 
of the sample volume will also increase the specificity compared to “blind” Doppler systems. 
 
Harmonics in bubble detection 
 
In addition to reflecting and scattering ultrasound at the incident frequency (f0), microbubbles 
also respond non-linearly and generate higher harmonics (2 f0, 3 f0, ...), subharmonics (f0/2, f0/3, 
...) and ultraharmonics (3 f0/2, 5 f0/2, ...) (118;119). Harmonics become detectable when the 
incident frequency approaches the resonance frequency of the bubble, making the bubble 
oscillate. This resonance frequency is inversely proportional to the bubble diameter, and for a 
bubble in blood it is approximately 9.5 MHz at 1 µm and 0.3 MHz at 20 µm (120). The non-
linear response from tissue and surrounding blood is weaker than from gas bubbles, so 
detection of harmonics can greatly enhance the ability to pick out bubble signals. Furthermore, 
because the resonance frequency depends on the size of the bubble, this technique could be 
used for estimation of bubble size. Second harmonic reflections are extensively used in contrast 
enhanced ultrasound imaging and many ultrasound scanners now have the option of displaying 
2nd harmonics by use of band pass filters. 
 
The flip side of the coin is that the resonance frequencies for relevant bubble sizes is below 
what is normally used for diagnostic ultrasound. Christman et al. (72) developed a second 
harmonic resonant bubble detector and were able to detect bubbles of diameter 4 µm in the 
femoral veins of dogs after decompression using an emitted frequency of 1.6 MHz. As 
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 previously stated, most decompression bubbles are considerably larger than this. Eatock at al. 
concluded that application of non-linear response for detection of bubbles is limited to bubbles 
of diameter 20 µm or less (121) and can therefore only detect a fraction of the bubbles present.  
 
Palanchon et al. (122;123) designed and implemented a multifrequency transducer with two 
independent elements capable of transmitting ultrasound from 100 kHz to 600 kHz. In an in-
vitro test of the system they found that 2nd harmonics and subharmonics could be used to 
accurately classify and size air emboli with diameters ranging from 10 µm to 105 µm. An 
alternative approach using 2nd harmonics was suggested by Magari et al (124). They combined 
an imaging frequency of 2.5 MHz with a low-frequency “pump signal” swept from 22 kHz to 
220 kHz to make bubbles oscillate at resonance. With this combination of frequencies they 
were able to detect and estimate the size of vascular gas bubbles in the range from 30 µm to 
200 µm in the vena cava of a dog after decompression. Yet another approach was suggested by 
Didenkulov et al. (125) who looked at the non-linear Doppler effect, i.e. harmonics in the 
Doppler signal. By using 2 transducers with slightly different frequencies (2.5 MHz fixed and 
2.18-2.05 MHz variable frequency) they could excite bubbles with resonance frequencies 
corresponding to the frequency difference, 70 to 200 KHz, corresponding to bubble diameter 90 
to 30 µm. The resulting non-linear Doppler shift was found to be very large compared to that 
from the linear scattering, both theoretically and experimentally. All these 3 systems elegantly 
solves the problem of low resonance frequencies for decompression bubbles, but to our 
knowledge none of them have so far been used in decompression research. 
 
 
VASCULAR BUBBLES AND DECOMPRESSION SICKNESS 
 
There is no unambiguous relationship between the presence of detectable vascular gas bubbles 
and the occurrence of DCS. Intravascular gas bubbles have been observed in large quantities in 
divers with no symptoms and, conversely, there are studies reporting cases of decompression 
sickness not accompanied by detectable gas bubbles. However, most studies indicate a higher 
incidence of DCS with increasing number of bubbles.  
 
Studying the relationship between intravascular bubbles and DCS is not straightforward. The 
difficulties of obtaining reliable ultrasonic data and in the subsequent interpretation have 
already been discussed. In addition, diagnosing decompression sickness is a complex task. The 
diagnosis is usually based on symptoms rather than signs and in practice it is difficult to group 
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 outcome categorically in “yes” and “no” with respect to DCS, there will always be subtle cases 
where the appropriate label is “maybe”. 
 
The diagnostic criteria for decompression sickness will to a certain extent depend on the aim of 
the diagnosis. In a clinical setting the criteria are used to decide whether recompression 
treatment should be instituted. In an experimental setting for verification of decompression 
procedures the criteria should be broader. In a paper on US Navy practice on decompression 
table validation, Thalmann states (126): “Minor symptoms such as fatigue or transient niggles 
must be considered as they probably indicate a higher level of decompression stress than 
completely asymptomatic tables”. The same approach should be used for establishing the 
correspondence between intravascular gas bubbles and decompression stress. In 1988 a group 
of diving medical experts from the US Navy and the Canadian Forces established a set of 
diagnostic criteria for DCS designed to enable comparison of datasets from different studies 
(22). These criteria are comprehensive and include cases not requiring recompression 
treatment.  
 
The correspondence between intravascular gas bubbles and DCS has been investigated in a 
number of studies. Although most studies have used Doppler ultrasound and Spencer or KM 
codes for bubble grading, a comparison of the different studies is difficult. There are 
differences in physical properties of the Doppler equipment, different monitoring procedures 
are used with respect to location and timing and different diagnostic criteria are used for DCS. 
The experience of the personnel doing the monitoring and bubble grading is critical, but this is 
rarely described in the studies. The studies indicate that the bubble/DCS relationship depends 
on the type of exposure, e.g. bounce dive versus saturation dives, but also for similar exposures 
there is considerable variation between the studies. 
 
In an extensive review of 19,000 cases of limb pain DCS, Sowden et al. (127) found a 
predominance of upper limb involvement in bounce divers and aviators and lower limb 
involvement in saturation divers and compressed air workers. Based on Sawatzky’s conclusion 
that the parts of the body with signs and symptoms of DCS generally have large numbers of 
Doppler-detected bubbles (82) it therefore seems appropriate that procedures for bubble 
detection in peripheral veins take into account the type of exposure. 
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 Subsaturation dives 
 
The most extensive study on bubble/DCS correspondence in bounce dives was presented by 
Sawatzky in his master thesis (82), where he systematically analyzed maximum Doppler scores 
and DCS incidence in 1,726 nitrox (nitrogen and oxygen) dives and 1,508 Heliox (helium and 
oxygen) dives. The data were obtained from chamber decompression trials at Defence and Civil 
Institute of Environmental Medicine (DCIEM) in Toronto, Canada. The uniqueness of these 
data lie both in their quality and quantity: It is the most comprehensive collection of data 
published, the data are collected according to the recommended standards for Doppler 
monitoring (18) and the Doppler grading is performed by verified competent personnel. DCS 
diagnoses were made according to the previously mentioned criteria (22). The most important 
of Sawatzky’s data are reproduced in table 6.  
 
Table 6. DCIEM data on Doppler detected bubbles and DCS incidence in bounce dives. 
“Overall maximum grade” is the highest obtained score regardless of position (precordial or 
subclavian veins) or rest/movement. 
Air dives Heliox dives Condition KM 
Grade Exposures DCS % DCS Exposures DCS %DCS 
0 1264 7 0.6 945 6 0.6 
I 131 0 0.0 105 2 1.9 
II 137 8 5.8 184 1 0.5 
III 191 25 13.1 272 22 8.1 
Chest, 
rest 
 
IV 3 1 33.3 2 1 50.0 
0 1164 3 0.3 879 7 0.8 
I 109 2 1.8 70 0 0.0 
II 111 3 2.7 114 1 0.9 
III 305 26 8.5 313 11 3.5 
Chest, 
movement 
IV 37 5 13.5 132 13 9.8 
0 819 0 0.0 623 1 0.2 
I 287 3 1.0 214 1 0.5 
II 183 2 1.1 187 0 0.0 
III 365 27 7.4 347 15 4.3 
Overall 
maximum 
grade 
IV 72 9 12.5 137 15 10.9 
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 Sawatzky concluded that the risk of developing DCS increases with increasing Doppler grades 
and the best indicator of that risk is the single highest Doppler grade regardless of location. He 
explained this with the greater ease with which bubbles can be detected in the subclavian veins 
where the signal to noise ratio is higher compared to precordial measurements, indirectly 
stating that precordial Doppler detection of bubbles is inaccurate, even when performed by 
experts. This is supported by the findings of Eckenhoff et al., who found an increased 
sensitivity with subclavian monitoring as compared to precordial (56).  
 
Other studies support Sawatzky’s conclusions. One of the first studies on bubbles and DCS was 
done by Spencer and Johanson (73) who reported from 174 bounce dives including both 
chamber and open-water dives. Scoring was done with the Spencer code (precordial at rest) and 
the results showed an increased risk of DCS with increasing bubble grades, from 1% for grade 
0 to 80% for grade IV. Vann et al. studied the bubble/DCS correspondence in 286 nitrox 
bounce dives using Spencer’s bubble grading scale (128). They found that precordial grades 0 
to II was associated with 3% or less probability of DCS, grade III 9% to 18% probability and 
grade IV 20% to 50% probability. Neuman et al. also found a statistically significant 
relationship between Doppler score and DCS in two series of bounce dives (129). 
 
We have studied gas bubbles detected by echocardiography and what we have called “adverse 
effects of decompression” (AED) in 203 air bounce dives (paper 4). AED is defined as all signs 
and symptoms which may arise from the decompression, including, but not limited to, 
decompression sickness. A combined logistic regression analysis showed no difference 
between our data and Sawatzky’s data.  
 
There are studies where the authors find no correspondence between detected bubbles and 
DCS. In a series of 150 deep (100-200 msw) chamber bounce dives Powell et al. found that gas 
bubbles detected by Doppler at the surface following decompression had little prognostic value 
for joint pain (“the bends”) (130). The authors did not report any cases of DCS with other 
symptomatology. Bubble detection was done precordially at rest and scoring performed 
according to the Spencer scale. Bayne et al. conducted a double-blind, prospective trial of 
Doppler bubble detection in 83 chamber exposures to 285 feet of sea water with standard US 
Navy decompression (131). 8 divers suffered from DCS, 3 of these had no detectable bubbles. 
Again, Doppler detection was done precordially at rest according to the Spencer scale. A 
statistical analysis of the data indicated a 25 to 50% probability that the clinical DCS diagnosis 
and detection of bubbles were independent events. 
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 As DCS is caused by bubbles primarily containing inert gases (132), the composition of the 
breathing gas should intuitively have no influence on the relationship between bubbles and 
DCS. Still, in 2 series of bounce dives with different partial pressure of oxygen in the breathing 
gas during decompression Powell and Johansen found a tendency towards more symptoms of 
DCS with lower bubble grades in the low oxygen group (133). They postulated that higher 
arterial oxygen tensions increased the tolerance to venous gas bubbles. However, their 
observations were limited to 32 exposures and the differences were not statistically significant. 
Sawatzky found no difference between the air and heliox dives in the relationship of Doppler 
grades with DCS risk when the single highest Doppler grade was used. In an in-vitro study of 
bubble-induced platelet aggregation Thorsen et al. found no difference between bubbles 
containing different inert gases with and without oxygen (134). 
 
Compressed air work 
 
Almost all exposures to maximum pressure in compressed air work are longer than almost all 
exposures to maximum pressure in air diving (135). Flook predicted that after 7.5 hours at 
bottom pressure breathing air, brain and muscle is fully loaded with nitrogen while fat contains 
94% of the full load (136). Compressed air work, with shifts frequently as long as 6 to 8 hours 
(137), is therefore in practice close to shallow air saturation diving with respect to 
decompression physiology. 
 
The reported incidence of decompression related problems in compressed air work is 
considerably lower than the true incidence. Workers hesitate to report their symptoms because 
frequent treatment may risk them their job in the tunnel. Using an anonymous reporting system 
Kindwall found a DCS incidence of up to 26% for some shifts without any workers reporting 
for treatment (137). Experience over many years have shown that all air decompression 
schedules for compressed air work are inadequate in preventing DCS and dysbaric 
osteonecronis (138). Oxygen tables have been shown to be much safer with respect to 
decompression injury, but there has been resistance in the industry to adopt oxygen 
decompression due to the potential fire hazard (137). 
 
In a field study of 37 compressed air workers doing a total of 95 exposures we found 29 cases 
of precordial bubble grade 3 and 24 cases of grade 2 bubbles using ultrasound imaging (136). 
18 exposures were not accompanied by detectable bubbles precordially or in peripheral veins 
(subclavian and popliteal veins). Working pressure was 0.95 bar (gage) and decompression was 
performed on air no stop (5 minutes) or according to the Blackpool tables. There were no 
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 reports of DCS, which is peculiar considering the amount of vascular bubbles observed. It 
should be noted that there was no anonymous symptom reporting system. 
 
Gotoh and Nashimoto detected bubbles after 152 exposures in 91 caisson workers. Doppler 
measurements were performed precordially within 60 minutes of decompression at rest and 
after movement of upper extremities (139), and scoring was done according to the Spencer 
scale. They found gas bubbles in all cases of DCS requiring recompression treatment (13 bends 
and 3 chokes) and in 24 cases of mild DCS not requiring treatment. Nine cases of mild DCS 
were not accompanied by detectable bubbles, this gave a DCS incidence as high as 14% for 
bubble grade 0. There were 48 symptom-free exposures accompanied by detectable bubbles. 
 
In a study of direct ascent from 34 shallow air saturation exposures Eckenhoff et al. (140) 
concluded that only the duration of detectable bubbles, and not the bubble grade, correlated 
with symptoms of DCS. Bubbles were detected precordially at rest and after deep knee-bends 
and scored according to the KM-code. Detectable bubbles lasted for up to 12 hours after 
decompression. 
 
In conclusion, there are few studies on DCS and bubbles in compressed air work. There is 
reason to believe that DCS is considerably more common than what is reported, and field 
studies show that frequently used tables produce a lot of vascular gas bubbles. Dysbaric 
osteonecrosis is also of special concern in compressed air work and is probably caused by 
inadequate decompression tables. With Sowden’s findings of symptoms predominantly from 
the lower limbs in compressed air work (127), bubble detection studies should include the 
popliteal or femoral veins. 
 
Saturation dives 
 
There are few systematic studies on bubbles and DCS in saturation diving, most studies are 
case reports from experimental saturation dives with few subjects. A saturation dive is a time 
and resource demanding undertaking and it is rarely possible to include more than 8-10 divers 
in each dive. Most cases of DCS appear while the diver is still under pressure (141), so bubble 
detection should be performed in the chamber during decompression. 
 
In a study of 125 exposures in 29 heliox saturation dives, Gardette found 23 cases of muscle or 
joint pain (142). Five of these cases were not accompanied by detectable gas bubbles, yielding 
an incidence of 10% for bubble grade 0. Doppler bubble detection was performed precordially 
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 at rest and after movement and bubbles were graded according to the Spencer scale. The study 
showed an increasing risk of muscle and joint pain with increasing bubble grade, with a 34% 
incidence for grade III bubbles after movement. There were no cases of grade IV bubbles and 
no cases of serious decompression sickness.  
 
Eckenhoff and Vann (143) reported from 77 nitrox saturation man-dives with seven cases of 
DCS, all pain-only localized to the knees. Doppler detection of bubbles was performed 
precordially at rest and after movement (3 deep knee-bends). Detectable bubbles were found in 
26 of the subjects, but there was no clear connection between the observation of bubbles and 
symptoms. 
 
In a case report from a 300 msw saturation dive with six divers Ikeda et al. found venous gas 
bubbles in a diver with transient knee pain at the end of the decompression (103). The other 
five divers were asymptomatic and had no detectable gas bubbles. Bubble detection was done 
precordially with M-mode imaging after surfacing.  
 
We have previously monitored decompression from a 450 msw saturation dive using 2D 
ultrasonic imaging (144). Four divers participated, two divers had pain only DCS (knee pain) 
accompanied by bubble grades 3 and 4 towards the end of the decompression. The other two 
divers had no symptoms, one had maximum bubble grade 2, the other had no detectable 
bubbles.  
 
In upward excursions from 300 to 250 msw during an experimental saturation dive Brubakk et 
al. (145) found arterial bubbles in the carotid artery of all six divers participating. There were 
no clinical cases of neurological decompression sickness, but post dive examinations gave 
indications of a minor cerebral lesion in the diver with the largest amount of carotid bubbles. 
Hjelle et al. (146) also observed bubbles in the carotid artery of one diver after deep knee-bends 
at the end of a saturation decompression from 360 msw, this was not accompanied by DCS. 
Brubakk (52) suggested that prolonged exposure to increased environmental pressure, increased 
pulmonary artery pressure and hyperoxia can affect the function of the lung as a bubble filter 
and cause bubbles to go through to the arterial side in decompression from deep dives. It may 
therefore be important to limit the number of decompression induced gas bubbles in saturation 
diving regardless of the DCS incidence. 
 
Most studies seem to indicate that there is a correspondence between detectable vascular 
bubbles and the incidence of DCS in saturation diving, but the number of cases not 
accompanied by detectable bubbles seems to be higher than for subsaturation diving. Gardette 
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 (142) postulated that the high incidence of pain not accompanied by detectable bubbles could 
be caused by extravascular bubbles which are not detectable by Doppler, or the bubbles could 
be too small to be detected. As previously mentioned, there is some evidence that 
musculoskeletal DCS is caused by autochthonous gas bubbles, supporting Gardette’s theory. 
 
Pain only decompression sickness is by far the most common manifestation in saturation 
diving. In an analysis of US Navy saturation diving data Berghage found that all cases of DCS 
were pain-only and 96% of the joint pain was confined to the diver’s knees. This is in contrast 
to sub saturation diving where 2 comprehensive studies show that neurologic manifestations are 
more common (25). With the high proportion of symptoms from the lower extremities, Doppler 
studies on saturation decompressions should include the femoral veins. Experimental support 
for this view is given by the studies of Hjelle et al. (146) and Eatock and Nishi (147). 
 
One problem in establishing the bubble/DCS correspondence for saturation diving is the low 
DCS incidence with the current procedures. In Norwegian offshore saturation diving there have 
been 4 cases of DCS reported since 1990. In this period the average activity has been 
approximately 70,000 man-hours in saturation per year (148). DCS therefore appears to be a 
minor problem in saturation diving, at least in the Norwegian sector. However, as in 
compressed air work, there is reason to believe that the actual incidence is higher than the 
reported incidence. 
 
Hypobaric exposures 
 
Hypobaric exposures are in principle similar to decompression from saturation in that the 
subjects start the decompression from saturation. Rapid decompressions to hypobaric 
conditions occur in extravehicular activity (EVA) in space where the pressure inside the space 
suit can be as low as 30 kPa (30% of normobaric) or in aviation by accidental loss of cabin 
pressure. “Prebreathing” of pure oxygen or oxygen-rich nitrox mixtures is often used to 
decrease the DCS risk and the subjects usually breathe pure oxygen also during the hypobaric 
exposure. 
 
An extensive collection of data regarding hypobaric exposures, decompression sickness and 
venous gas bubbles can be found in the Hypobaric Decompression Sickness Databank (HDSD) 
(149). In 1992 this databank contained 378 records representing 130,012 hypobaric chamber 
experiments performed since 1942. A number of studies on hypobaric exposures have been 
published based on information from HDSD. One study by Conkin et al (150) investigated the 
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 correlation between DCS and bubbles in 1322 exposures, mainly EVA simulations. There were 
480 exposures with detectable bubbles and 168 cases of DCS. Bubbles were detected 
precordially with a Doppler system and graded according to the Spencer code. The authors 
found that the absence of detectable bubbles was highly correlated with the absence of 
symptoms, with a negative predictive value (NPV) of 0.98. For grades III and IV they found 
DCS incidences of 19% and 48%, respectively, and a corresponding positive predictive value 
(PPV) of 0.39. The authors concluded that vascular gas bubbles is a necessary, but not 
sufficient, condition for DCS and that information about gas bubbles is useful to assess the risk 
of DCS in hypobaric decompressions. In a complementary study of data from the same source, 
the authors found that the PPV is increased if bubbles are detected early in the exposure, if 
number of bubbles increases rapidly or stays high for a prolonged period during the exposure 
(84). 
 
Kumar et al investigated 516 cases of bubbles and DCS in EVA simulations at the NASA-
Johnson Space Center (151) and concluded that absence of precordially Doppler detectable 
bubbles was useful in excluding DCS (sensitivity 96%) and that bubble detection was useful in 
making therapeutic decisions with non-specific symptoms. 
 
It is an interesting fact that although DCS is common in simulated EVA there are no 
documented cases of DCS during EVA in space (152). Neither simulated weightlessness (153) 
nor restriction of movement (154) to mimic conditions in space does not influence the DCS 
incidence in simulated EVA, and the reason for the discrepancy remains unknown. 
 
In another review study of 2044 hypobaric exposures with 819 cases of DCS from the Air 
Force Research Laboratory DCS Research Database Pilmanis et al. found a considerably higher 
DCS risk with lower bubble grades (155) (grade 0-19%, I-26%, II-50%, III-52%, IV-62%). The 
studies contained in the database are all designed to provoke DCS in a substantial portion of 
subjects, and with an overall incidence of over 40% they have certainly succeeded! Bubble 
detection in the studies was performed precordially with a combined ultrasonic 
Doppler/imaging system and grading was performed according to a modified Spencer scale. 
With these figures the usefulness of Doppler detected bubbles in excluding DCS is more 
questionable. In a study of various clinical manifestations of DCS in the same database, Balldin 
et al. found that only 27 out of 49 cases (55%) of central nervous system (CNS) manifestations 
were accompanied by detectable bubbles (156). They concluded that echo imaging has limited 
application for use as a predictor of altitude CNS DCS. 
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 The existence of large databases with bubble/DCS occurrence is exceptional for hypobaric 
exposures. It is peculiar and disquieting that the databases seem to give so unequal answers to 
the correspondence between gas bubbles and DCS. The reason for the discrepancy is not clear, 
but the difference in overall incidence of DCS shows that the decompression stress is more 
severe in the Air Force Research Laboratory DCS Research Database than in the Hypobaric 
Decompression Sickness Databank (40.1% vs. 12.7%). The question is then why this increased 
decompression stress is not reflected in a correspondingly higher number of detectable bubbles. 
A number of smaller studies support the HDSD data in showing a high negative predictive 
value of no detectable bubbles (157-161), but the high number of exposures in the Air Force 
Database implies that the findings should not be omitted. 
 
Manifestations of hypobaric DCS is another field of controversy. There seems to be agreement 
in the literature that musculoskeletal manifestations are most common, but the predominant 
location of symptoms is disputed. As previously mentioned, Sowden in his review of the diving 
accident database at the Institute of Naval Medicine (127) found involvement mainly of the 
upper limbs. Ryles and Pilmanis (162) found 83% musculoskeletal manifestations in the Air 
Force Research Laboratory DCS Research Database, of which knee pain made up a large 
majority. Conkin et al. made similar findings in the NASA Hypobaric Decompression Sickness 
Databank with 85% of DCS manifestations originating from the lower body. Also, previous 
reviews (20) as well as theoretical similarities with decompression from saturation dives 
support these observations. If peripheral veins are included in bubble detection during 
hypobaric exposures, the femoral or popliteal veins should therefore be preferred. 
 
 
BUBBLE DETECTION AND DECOMPRESSION STRESS; 
PRACTICAL USE OF BUBBLE DETECTION 
 
The data presented for sub saturation dives in the previous chapter strongly indicate a 
correspondence between detectable venous gas bubbles and the risk of decompression sickness. 
With a total of 3,234 exposures Sawatzky’s data presented in Table 6 are qualitatively and 
quantitatively the most extensive data set available. There is only one case of DCS not 
accompanied by detectable bubbles. The negative predictive value is 0.999 and the sensitivity 
of detectable bubbles as a test for DCS is 0.99. On the other hand there are 1720 exposures 
where bubbles were detected without any symptoms of DCS, and the positive predictive value 
is only 0.04, so detectable bubbles only yields a 4% chance of having DCS. Even when using 
bubble grades III and IV as test criterion, the positive predictive value is as low as 0.07. The 
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 data therefore strongly suggest that the absence of detectable bubbles is a good indicator of 
decompression safety, but the occurrence of bubbles, even high grades, is a poor predictor of 
decompression sickness. 
 
In a clinical setting bubble detection could theoretically be used as a tool for excluding the DCS 
diagnosis. In practice, however, this would call for surveillance by highly trained personnel at 
20-30 minute intervals for at least 2 hours after surfacing, which is clearly not an option. A 
more feasible area of application for bubble detection is in assessing the safety of 
decompression procedures. In a UHMS workshop in 1989 it was concluded that new 
procedures should be validated primarily by extensive, dedicated laboratory testing before 
being put into the field for operational evaluation (163). Traditionally the criterion of success 
for such testing has been the observed incidence of DCS compared to a certain pre-defined 
maximum level. The main problem with evaluating decompression procedures this way is the 
large number of dives required to determine DCS risk with any degree of certainty: From the 
binomial distribution we find that more than 300 exposures with no incidents are needed to 
confirm a DCS incidence below 1% with a 95% confidence interval. For recreational diving the 
incidence should be considerably lower than this, so the expenses and time required for 
validation can actually prevent new procedures from being implemented. Also, this method for 
validation of procedures will inevitably lead to decompression injury among the test subjects. 
Furthermore, the DCS diagnosis is based on symptoms and is therefore subjective. Divers may 
choose not to report symptoms, or may report symptoms due to apprehension or from other 
causes not related to the decompression (43). Occurrence of vascular bubbles is more objective 
and cannot be hidden by the diver. 
 
At Defence Research and Development Canada (DRDC, formerly DCIEM) bubble detection 
has been used for table validation for many years (164). An empirically selected limit of KM 
grade II or greater in 50% of the subjects has been used to discriminate between stressful and 
acceptable procedures. We have previously suggested that by designing decompression 
procedures so that less than 50% of the subjects have bubbles scores of III and IV, the DCS risk 
should be less than 5%. Such simple criteria will reduce the number of dives required for 
validation compared with observation of DCS alone, but they do not make full use of the 
information obtained by bubble detection.  
 
In a study of venous gas bubbles in chamber attendants for hyperbaric oxygen therapy we 
found a considerable number of bubbles both in a standard protocol and in 2 revised protocols 
with increased levels of oxygen in the breathing gas (Paper III). A practical approach was taken 
with a requirement of no grade III bubbles for a procedure to be acceptable for operational use. 
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 This limitation was exceeded in all 3 tested protocols, and the study resulted in The Haukeland 
University Hospital discontinuing all elective HBO treatment in multiplace chambers to 
eliminate the risk of inflicting DCS to chamber attendants.  
 
It was obvious from the chamber attendant study that some means of estimating DCS risk from 
observed bubble grades would be desirable. We have designed a method based on Bayesian 
statistics (paper V) where each bubble grade is assigned a DCS risk based on established data. 
In our method we used Sawatzky’s nitrox data from Table 6. This set of risks is combined with 
observed bubble grades in a number of test dives for the new procedure. In this way we can 
estimate the DCS risk and, more importantly, calculate a 95% credible interval for the estimate. 
A credible interval is a posterior probability interval, used for purposes similar to those of 
confidence intervals in frequentist statistics. We found that this method can reduce the number 
of dives needed for table validation by approximately 95% compared to the binomial DCS 
observation method. It is also important that a procedure can be rejected as unsafe before a 
single case of DCS is encountered, so the hazard to the test subjects is reduced. 
 
As previously mentioned, we have developed a sensitive system for automatic bubble detection 
and quantification in animal studies. Although the results in animal experiments are not directly 
comparable to human exposures, comparison of bubble numbers in new and established 
procedures tested under the same conditions should give an indication of safety before 
validation in human trials. This was used Brubakk and Arntzen (165) in comparing new surface 
decompression procedures to established USN procedures. Another important area for animal 
research is in improving the knowledge of the pathophysiology of decompression related 
injury. An example is studies on the interactions between gas bubbles and endothelium (17). 
 
As we have seen, the bubble/DCS correspondence for exposures other than sub saturation dives 
is more ambiguous. For saturation dives there is a considerable number of DCS cases not 
accompanied by detectable bubbles. These are mainly musculoskeletal manifestations. 
Neurologic DCS has been associated with large number of vascular bubbles also for saturation 
decompression (43). This has led to recommendations for slowing down decompression speed 
or administrating increased oxygen breathing gas mixtures if high bubble grades are 
encountered (74).  
 
For hypobaric exposures the existing data are not easily interpreted. 2 major studies with 1322 
and 2044 subjects respectively, give distinctly different outcome with respect to the sensitivity 
of bubble detection to decompression sickness. Conkin et al. found a 1.5% DCS incidence with 
grade 0 bubbles (150), whereas Pilmanis et al. found 19% (155). Kumar et al. concluded that 
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 Doppler measurements were useful in making therapeutic decisions on DCS when confronted 
with non-specific symptoms at altitude (151). Due to the ambiguity of other published data this 
should be done with caution. 
 
Doppler studies have been used for evaluation of procedures for compressed air work both in 
field studies (136) and in experimental studies (75;166). There are, however, few data on the 
relationship between detectable bubbles and DCS incidence, so there is no easy way to interpret 
the bubble data. The data set published by Gotoh and Nashimoto (139) indicates that bends are 
related to detectable bubbles, and serious DCS (chokes) was only observed with grade III and 
IV bubbles. The number of exposures is too small to draw any firm conclusions, and more 
studies should be performed to work out recommendations for maximum allowable bubble 
numbers or enable the use of our Bayesian method for procedure validation. 
 
 
CONCLUSIONS AND FUTURE PERSPECTIVES 
 
Reviewing the existing literature we have concluded that the number of detectable vascular gas 
bubbles is associated with the risk of developing decompression sickness after bounce dives. 
This is supported by our own findings (Paper IV). Absence of detectable bubbles is a strong 
indicator of decompression safety and this relationship should be used in verification of 
decompression procedures.  
 
We have investigated decompression procedures for attendants in hyperbaric oxygen treatment 
(Paper III). These procedures have generally been considered safe, but both clinical experience 
and the occurrence of high grade venous bubbles show that this should be reconsidered. The 
same probably applies to other decompression procedures, particularly at the deeper end of the 
bounce diving tables, where decompression sickness is not uncommon. Technical diving, with 
deeper dives and use of different breathing gases is a growing area where new procedures are 
often implemented on a trial-and-error basis without previous validation. The need for a 
standard method for identification of safe decompression procedures is therefore evident. 
 
We have suggested a method for evaluation of the safety of decompression procedures based on 
bubble detection and have shown that this will greatly decrease the number of dives needed to 
verify or reject a procedure (Paper V) compared to existing methods. This means that  
improved procedures can be implemented quicker and will therefore ultimately lead to safer 
diving. 
    41
  
We have found that bubble detection with 2-dimensional ultrasound imaging is easier than 
Doppler detection (Paper I). Contrary to Doppler detection, reliable bubble detection with 
ultrasound imaging does not require months of extensive training. This makes the method more 
available for use. Moreover, the different grading systems for quantification of bubbles in 
Doppler signals and images can be directly compared (Paper II). 
 
The ideal bubble detection system should automatically detect and count bubbles continuously 
during and after decompression. We have implemented such a system for use in decompression 
studies of anesthetised animals and believe this will be an important tool in further research on 
the basic mechanisms behind decompression injury. For human studies, however, an ideal 
detection system will require further development in ultrasound technology.  
 
As with other types of electronic equipment, ultrasound systems are getting increasingly 
sophisticated, while prices and sizes are dropping. Portable hand held devices are now capable 
of producing images and Doppler signals with a quality comparable to state-of-the-art 
equipment available five years ago. Combined with built-in capabilities of sending signals via 
high-speed wireless networks for remote expert interpretation, this facilitates field studies in 
remote locations. Demands for new clinical areas of application has lead to enhanced image 
quality through development of better transducers and new methods for signal processing. Of 
particular interest is the increased use of ultrasound contrast agents, as they have acoustic 
properties comparable to microbubbles. Advances in ultrasound contrast imaging can therefore 
probably be translated to detection of decompression-induced microbubbles. At the moment 
only 2nd harmonics are used routinely, but research on higher order harmonics and 
subharmonics indicates that this may improve bubble to tissue ratio further. If so, an ideal 
bubble detection system could be feasible in the near future. 
 
 
    42
 SUMMARY OF PAPERS 
 
Paper I: Agreement between trained and untrained observers in grading intravascular 
bubble signals in ultrasonic images 
We evaluated the performance of 27 untrained observers in using a dedicated scoring system 
for grading intravascular bubbles in ultrasound images. It has previously been reported that it 
takes typically a year to learn to grade bubbles in Doppler signals, and the aim of this study was 
to see if image grading could be done accurately without previous training. The untrained 
observers graded bubbles in 40 segments of video recordings from decompression experiments; 
20 segments from animal experiments with transesophageal echocardiography and 20 segments 
from precordial imaging of divers. The results were compared to gradings performed by trained 
observers. We found that the correspondence between untrained and trained observers was 
good and concluded that bubble grading in 2-dimensional echocardiography does not require 
extensive training, contrary to what has been shown for Doppler signal interpretation. 
 
Paper II: Comparison of three different ultrasonic methods for quantification of 
intravascular gas bubbles 
Different decompression studies use different grading systems for quantification of vascular 
bubbles. To be able to compare such studies, the agreement between different systems must be 
established. In this study we compared the image grading scale to the Spencer scale for Doppler 
signals both from “blind” and image-assisted Doppler systems. We found that agreement was 
good and that grades from the different systems can be directly compared with the subject at 
rest. After movement the agreement was less good, but this comparison was based on few 
observations. We concluded that it is possible to directly compare Doppler and image grades. 
 
Paper III: Venous gas embolism in chamber attendants after hyperbaric exposure 
This study was initiated after a case of serious neurological decompression sickness in a 
chamber attendant assisting routine hyperbaric oxygen therapy (HBOT). In the study ultrasound 
Doppler and imaging was used to assess decompression stress after routine HBOT exposures 
and revised protocols with increased levels of oxygen in the breathing gas and/or slower 
decompression. We found that the routine protocol exposed attendants to a significant 
decompression stress in terms of intravascular bubbles, and that the suggested revised protocols 
also produced too many gas bubbles to be acceptable for operational use. 
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 Paper IV: The relationship between venous gas bubbles and adverse effects of 
decompression after air dives 
We compared gas bubbles detected by ultrasound imaging and signs and symptoms of 
decompression stress after 204 air dives. We found that detection of venous gas bubbles is a 
highly sensitive, although not specific, predictor of decompression stress. Our results are in 
agreement with previously published correspondence between Doppler detected bubbles and 
decompression sickness incidence. We conclude that bubble detection should be used to 
validate decompression procedures. 
 
Paper V: Validation of decompression procedures based on detection of venous gas 
bubbles: a Bayesian approach 
The requirement for numerous test dives makes validation of new decompression procedures 
extremely resource demanding. We propose a new method for validation of decompression 
procedures based on detection of vascular gas bubbles and previous knowledge about the 
correspondence between gas bubbles and decompression sickness incidence. The method 
makes use of Bayesian statistics to estimate the risk of decompression sickness for the tested 
procedure. The new method will greatly reduce the number of dives required to approve or 
reject a procedure and can facilitate introduction of new and safer decompression tables.  
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